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論 文 内 容 要 旨          
Access to space is becoming cheaper, both due to technological advances which allow missions to 
achieve greater functionality with less mass and due to improvements in the efficiency of rocket travel. 
University level research is already taking off in low Earth orbit; access to lunar orbit and the surface 
of the Moon by non-governmental agencies is expected to begin within this decade. These first 
missions will be the precursors of a new industry and economy based on the utilization of the 
resources of the Moon to further advance our exploratory capacity and the resource-base of humanity. 
It is important to maximize the potential of any opportunity to launch to the lunar surface by 
minimizing mass and maximizing utility of a mission.  
 
Although the cost of access to space is cheaper now than ever, and the prospect of recoverable and 
re-usable launch vehicles has prices poised to drop further, the cost of launch will still be the primary 
constraint to any potential lunar mission. As such, micro-rovers with the minimum necessary mass 
will make the most of any mission's resources. This research focuses on micro-rover related 
technologies, from design to implementation and operation of a prototype rover code-named 
Moonraker, designed for the international Google Lunar XPRIZE (GLXP) competition Team Hakuto, 
and winner of a $500,000 GLXP Mobility Milestone Prize of 2015.  
 
Chapter 1 explains the background of the research, the history of lunar exploration and reviews the 
literature of existing work related to micro lunar rovers, monocular omnicameras, and teleoperation. 
A mission to the Moon to explore a potential lunar cave system and win the GLXP is presented and 
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used to set the requirements for the mission, which at the time of this writing is due to launch in 2017. 
From these requirements, the motivation and research goals are established. 
 
In Chapter 2, the design of Moonraker itself is presented as a unique, minimalist micro rover 
exceptionally robust to loose regolith mobility hazards. As it is not yet feasible to develop a sub-10kg 
class of rover with the ability to survive the harsh cold temperatures of the 14 earth-day long lunar 
night, the Moonraker mission is designed to be limited to the 14 days of light available during a month. 
With a mission of only 14 days it becomes essential to maximize the time-efficiency of the mission. 
Therefore, a suite of minimum necessary sensors which still allow a teleoperator full situational 
awareness is selected. Moonraker utilizes a single static catadioptric mirror camera capable of viewing 
a full 360° panorama multiple times per second. The only other sensors required for situational 
awareness are an inertial measurement unit (accelerometer and gyro), and sensors to provide 
odometry for the wheels.  
 
The other definitive characteristic of Moonraker is the four-wheel skid steer configuration, with a large 
wheel-body size ratio. The primary mobility hazard both in the Lunar Mare region and on Mars is the 
soft, fine nm-scale regolith which exist due to the lack of atmosphere. Every mission to the Moon and 
Mars has been immobilized by soft soil hazards, and most of the equipment brought to the Moon 
during the Apollo missions was damaged in some way by the soil. Slippage in soft soil is considered to 
be the primary hazard, and so traversability over regolith is the priority of the mobility system. 
Moonraker was designed with the maximum possible wheel diameter size in order to be as resilient to 
slippage as possible. The slip-resiliance of Moonraker's mobility system is demonstrated in field tests 
at a lunar analog environment to perform with an average slip of only 3% on slopes of up to 12°, and a 
maximum slope traversal incline of 30° is demonstrated.  
 
 
A method is proposed in Chapter 3 to predict the slip that the rover will encounter based on a slip 
model and data from proprioceptive sensors. Additionally, an analysis of the effect of the length of 
grousers used on wheels in 4-wheel skid steer configuration is conducted. A novel finding of this 
research is that for skid steering mechanisms on soft soil, longer grousers do not increase the required 
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work to perform spot turns. Additionally, non-spot turning maneuvers do require more total work and 
are less efficient than spot turns. A theory to explain these results is presented. 
 
 
In Chapter 4, a feature tracking and egomotion localization method are presented. First, an analysis 
and comparison of available image keypoint detector and extractors is performed and an optimal 
combination identified (Star-ORB) for the use case of this research. A method of tracking these 
keypoints as persistent features is then proposed, to be used as the foundation for the egomotion 
localization system. An implementation called Motion Field Isolation (MFI), utilizing pre-computed 
plane-projected vector look-up-tables is proposed to efficiently separate the base components of rover 
motion from the observed feature motion across the image in real time. The MFI method is 
implemented in real time and evaluated in a lunar analog field test to be, 97% accurate in feature-rich 
environments. Even in feature sparse environments, side-slip is detected by the proposed localization 
system, which is useful for mitigating the soft soil hazard of regolith. 
Chapter 5 introduces the teleoperation system of Moonraker, which employs the shared-roles model of 
two-person teams with separate tasks and responsiblities. This interface mitigates the time lag 
between the Earth and Moon with a semi-autonomous control scheme. It also provides the users with 
the ability to assess the rover's environment, make decisions and act upon them quickly. The 
teleoperation system is tested in a field test at a lunar analog environment in real world bandwidth 
and time-lag conditions. The system is demonstrated to significantly improve the time-efficiency of 
mission control, to help maximize the potential of the mission and to win the GLXP. 
 
Altogether this research provides a complete systems-level implementation of a lunar micro-rover 
mission. These types of minimalist robots will likely become a common exploration tool for 
Universities and private entities in the coming years. It is the author's intention to accelerate that 
development with this work. 
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